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SUMMARY

A phenomenological relation previously proposed
for @ metal in tension at elevated temperatures 1s
applied to compression under rapid-heating condi-
tions. Solutions are presented for the cases in which
the metal is unrestrained and the stress is constunt,
and in which the metal is completely restrained and
thermal stresses develop.  Predictions are made of
the beharior of 7075-T6 aluminum-alloy sheet in
compression for these two cases for temperature rates
Jrom 0.1° F to 100° F per second.

INTRODUCTION

Many investigations have been made to de-
termine the tensile strength of materials under
rapid-heating conditions (for example, refs. 1 to
4), because these new data are of interest in
missile and high-speed aireraft applications. Data
on the compressive strength of materials under
such conditions are lacking, however, as such tests
are difficull to make in compression. The purpose
herein is to present a method for predicting the
behavior of a material under compression and
rapid-heating conditions.

The tensile properties of a number of materials
under rapid-heating conditions have been pre-
dicted with a phenomenological relation (refs. 3,
5, and 6). In this paper the phenomenological
relation previously proposed for tension is applied
to compression under rapid-heating conditions.
Solutions are presented for the cases in which the
material is unrestrained and the stress is constant,
and in which the material is completely restrained
and thermal siresses develop. The behavior of
7075-T6 aluminum alloy in compression is
predicted for these cases.

SYMBOLS
T temperature, °Kunless otherwise specified
T initial temperature, °K unless otherwise
specified
7, temperature rate, °K per hr unless
otherwise specified
€ strain (cxtensional is positive; contrac-
tional is negative)
é strain rate, de/dt, per hr
& constant strain rate, per hr
Yo Young’s modulus at temperature T, ksi
o mean linear thermal expansion coefficient
from initial temperature to 7, per °K
8 constant in viscosity term in equation
(1), per hr per °K
Ar7 activation energy, cal per mol
n gas constant, taken as 2 cal per mol
per °K
t time, hr
LAl
*TRT
e F 3,12 (values of f(z) for first
‘[(2):—27 (1—5—*_?_ """ Jtwo terms in paren-
thesis are given in
table I)
o stress, ksi
oo stress constunt, ksi
Tlin stress, ksi, defined as a limiting stress
which can be developed at a given tem-
perature and strain rate in tensile stress-
strain test (ref. 5)
Subscripts:
Y refers to the temperature or value of =

for yvield conditions when 0.2-percent
plastic strain occurs
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max applies to the maximum thermal stress
for complete restraint or the temper-
ature at which the maximum thermal
stress occurs
€maz tefers to the stress, temperature, or
value of z at which the sirain is a
maximum on o strain-temperature
curve (fig. 1) for unrestrained con-
stant-stress conditions
refers to the stress, temperature, or
value of z at which the strain is a
maximum on & strain-temperature
curve and equals zero for wunre-
strained constaut-stress conditions
CTomaz tefers to the temperature or the value of
z pertaining to the maximum thermal
stress for completely restrained con-
ditions

€mar=— 0

RELATIONS FOR THE BEHAVIOR IN COMPRESSION
UNDER RAPID-HEATING CONDITIONS

STATEMENT OF THE BASIC RELATION
A phenomenological relation was suggested in
reference 5 between siress, strain rate, and
temperature, which governs the behavior of a
metal in tension above the equicchesive temper-
ature. The relation was applied successfully to
conventional tensile and creep data and to tensile
data obtained wunder constant-stress, rapid-
heating conditions. For tensile applications, the
basic relation is

Y s
é= ZZ?(F)+ T +2+Te R_Tsinhg—0 1)

The material constants s, AT7, and o, are deter-
mined from tensile ereep data.

In order to predict the behavior of a metal in
compression, it is assumed that the basic phe-
nomenological relation (eq. (1)) can be applied
to compression if the first and third terms on
the right-hand side (the terms contributed by
the elasticity and viscosity, tespectively) are
taken to be negative. The basic relation for
compression then is

] _an o
T ‘“(F +a —2:Te RTsml;,; 2)

In equation (2), o is taken as positive in compres-
sion. The constants s, ATT, and ¢ must be deter-
mined from creep data. Inasmuch as compressive
creep data are rarely available, it is also assumed

that tensile creep data may be used to determine
the constants required to predict the compressive
behavior. This assumption may be reasonable for
some materials. On the basis of data at Langley
Research Center on 7075-T6 aluminum-alloy
sheet, for example, compressive and tensile creep
strains were found to be aboul the same up to
the tertiary region. If the temperature is assumed
to rise at a constant rate d7/dt="T, and if, in
addition, it is assumed that 75 does not vary rap-
idly with temperature, as was the case with regard
to « in equations (1) and (2), then equation (2)
becomes

[
f=—0 10 —95Te BT sinh <
Edt a0y

&)

AlT . X
With the substitution of z=%—T: equation (3) may
be transformed info
) AH AITH?
d 1 ) -z

de %0 ( st 2 ¢ Ginn <

dz:  FE dz T, & o
€Y

which is the differential equation that applies when
the temperature rate is constant.

SOLUTION OF THE BASIC RELATION FOR COMPRESSION WITH
UNRESTRAINED AND COMPLETELY RESTRAINED
CONDITIONS

Two solutions of equation (4) which cover some
of the cffects of rapid heating in compression will
be given. The first solution covers the case in
which the material is unrestrained while being
heated and subjected to a constant compressive
stress.  The second solution covers the case in
which the material 1s completely restrained so
that thermal stresses develop as the material is
heated.

Solution for unrestrained constant-stress condi-
tions.—The solution of equation (4) for unre-
strained constant-compressive-stress conditions is

(ry
o/ o A_,-_,,],‘)
S E( G—D)+Q<T* Ty—2>

(5)
\\'llcrcf(z):%3--<l~ Z—f-lg—— .. ) Equation (5)

has the same form as the similar solution for
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tensile stress (ref. 6) with the exception that for
compression the first and third terms on the right-
hand side are negative instead of positive. Values
of f(z) for the first two terms are given in table 1
for valuces of z from 20 to 60, which cover the range
of interest for most materials. A plot of equation
(5) for various siresses and temperature rates for
7075-T6 aluminum alloy is shown in figure 1,
which is discussed in detail in a subsequent section.

In the case under consideration, the compressive

stress is applied at =0, so that the initial clastic
(Sce eq. (5).) Asthe

temperature rises, the term a(7'— 7o) introduces a
positive component into the strain. With further
heating, the third or viscous term becomes im-
portant and introduces a mnegative component
which reverses the strain. Thus, there will be
some temperature 7. . at which a maximum
oceurs on cach strain-temperature curve.

« . 2
compressive strain =7
J

TABLE I—VALUES OF #(z) AND log, f(z) FOR z FROM 20 TO 60

2 1) log, z (2 loge z 1 loge z S loge

() Iz (= 1) *) 1 *) 1)
20.00 2.19 X 10-1 -28.1 30.00 3.12 X 10-18 —40.3 40.00 6.14 X 10-2 —51.0 50. 00 1.43 X 10-7 —61.8
20. 25 1.66 X 10-1 —29.4 30.25 2.37 X 10-18 —40.6 40.25 4.70 X 10-% —51.3 50.25 1.11 X 1077 —62.0
20. 50 1.25 X 10-8 —29.7 30. 50 1.80 X 10-18 —40.8 40. 50 3.50 X 10~ —51.6 50. 50 8.54 X 10-% —62.3
20.75 9.50 X 10~ -30.0 30.75 1.37 X 16~ —41.1 40.75 2.75 X 102 —51.9 50,75 6.55 X 10728 —-62.5
21.00 7.18 X 10-1 —30.3 31.00 1.04 X 10-19 —41.5 41.00 2.10 X 10-% —52.2 51.00 5.03 X 10-2% ~62.8
21,25 5.40 X 10-!¢ —30.6 31.25 7.02 X 10-1% —41.7 41.25 1.61 X 16-% —52.5 51.25 3.86 X 10-2 —63.0
21.50 4.02 X 10-1¢ -30.8 31.50 £.02 X 10-1 —42.0 41.50 1,23 X 10-3 —-5.7 51,50 2,96 X 10-2 —63.3
i 21.75 3.02 X 10-1 —31.2 3195 4.50 X 10-1¢ —42.3 41.75 9,42 X 10~ —52.9 51.75 2.27 X 102 —03.6
22.00 | 2.26 X 10-H —31.4 32.00 3.50 X 10-19 —42.5 42.00 7.20 X 10-H —53.3 52.00 L5 X1 —63.8
22.25 1.70 X 101 —3L.7 32.25 2.67 X 10-18 —42.8 42.25 5.50 X 10-% —53.5 52.25 1.34 X 16-28 -—64.1
22. 50 1.28 X 10-1 —32.0 32.50 | 2.04 X 10~ —43.1 42.50 4.21 X 10~ —8.8 52.50 1.03 X 10-2 —64. 4
22.75 9.60 X 10~ —32.3 32.75 1.55 X 10-19 —43.3 42.75 3.22 X 10-% —351.0 A2.75 7.0 X 1072 —64.6
} 23.00 7.33 X 10-1 —32.5 33.00 1.18 X 10-10 —43.6 43.00 2.47 X 10~ —54.3 i 53.00 6.00 X 10-2 —64.9
. 23.25 5.55 X 1w —32.8 ! 33.25 9.01 X 10-% —43.9 43.25 1,80 X 102 —54.6 | 53.25 4.68 X 10°% —65.2
23,50 4.18 X 10-1 —33.1 33.50 6.82 X 10-20 —44.1 43. 1.45 X 10-2 -9 | 53.50 3.58 X 102 —65.4
23,75 317 X 101 —33.4 33.75 5.22 X 10~ —443 43.75 1.11 X 1072 —55.2 53.75 2.76 X 10-% —65.6
24,00 2.39 X 10-1 —33.7 34,00 3.98 X 10-2 —44.7 44.00 8.51 X 10-% —55.5 54.00 2.12 X 1072 ~65.9
i 24.25 1.81 X 10-7 —33.9 34.25 3.04 X 10-20 —45.0 44.25 6.52 X 10-% —55.7 7. 25 1.63 X 102 —66.2
24, 50 1.37 X 10718 —34.2 34.50 2.31 X 10-% —45.2 44.50 5.00 X 10-% -6.0 54, 50 1.24 X 10-2 —66.5
24.75 1.03 X 10-15 —34.5 34.7 1.76 X 10-8 —45.5 44.75 3.82 X 10~ —56.2 54.75 9.57 X 1073 —6h, T
7.82 X 10-18 —34.7 35.00 1.34 X 10-2 —45.7 45.00 2,98 X 10-2 —56.5 55. 00 7.38 X 10-% —67.0
5,94 X 10-18 ~35.0 35.25 1.02 X 10-2 —46.0 45.25 2.24 X 102 —56.7 55.25 5.67 X 10-%¢ —67.3

1,48 X 10-1 —35.3 35.50 7.80 X 10-2 —40.3 45.50 1.72 X 10-2 ~57.0 4 55.50 4.36 X 10-3 -67. 5

3.39 X 10-18 -35.6 35.75 5.05 X 10~ —46.5 45.75 1.32 X 10-% —57.2 55.75 3.35 X 10-% —67.8

26,00 2.57 X 1018 —35.8 | 36. 00 4.56 X 10~ —46.8 16.00 1.01 X 1028 —57.5 56.00 '24 58 X 10-%0 —68.1
26.25 1.5 X 10-18 -36.1 | 36.25 3.48 X 10— —47.1 46. 25 7.75 X 10-% —57.8 56,25 1.98 X 10-3 —68.3
26. 50 1. 48 X 10-18 —36. 4 36. 50 2.66 X 102 —47.3 46.50 5.03 X 10~ —38.1 56. 50 1.52 X 1073 —68.6
26.75 1.12 X 10-1¢ —-36.7 30.75 2.03 X 10-2 —47.0 46.75 4.53 X 10-% —58.3 56.75 1.17 X 10-% —68.8
27.00 8.4 X 1017 -37.0 37.00 1.55 X 101 —47.0 47.00 3.49 X 10 —58.6 A7.00 9.00 X 10-% —69.1
27.25 642X 107+ —37.2 37.25 1.18 X 10-2 —48.1 47.25 2.68 X 10-% —58.9 57.25 £.93 X 10-% —69.3
27. 50 4.88 X 10-7 + —37.5 37.50 0.05 X 10-22 —48.4 47.50 2.06 X 10~ —59.1 57. 50 5.33 X 10-% —68.6
27.75 3.70 X 10717 —37.8 7.75 6.90 X 10-22 —4R.7 47.75 1.58 X 10-% —59.3 57.75 1.10 X 10-3 —69.9
28. 00 2.81 X 10-'7 —38.1 38. 00 5,97 X 10-2 —49.0 48.00 1,21 X 10-28 —39.6 58.00 3.14 X 1073 —70.2
28.25 2.14 X 1077 —38. 4 3R.25 4.02 X 10-22 —49.2 48.25 9,29 X 10~ —59.8 | 58.25 2,41 X 107 -70.5
28. 50 1.62 X 107 —38.7 38. 50 3.08 X 10-2 —49.5 48. 50 7.12 X 1077 —60.1 | 58.50 1.86 X 17% -7
28.75 1.23 X 10717 —38.9 3R.75 2,36 X 1072 —49.8 48.75 5.44 X 10777 —60.4 1 5875 1.42 X100 =710
29.00 9.35 X 10-'¢ —39.2 39.00 1.80 X 10-22 —50.0 49. 00 4,18 X 10-% —60.7 50.00 1.10 X 101 =712
29.25 712 X 10 ~30.5 39.25 1.37 X 10722 —50.3 10. 25 3.20 X 10777 —60.9 59.25 R.45 X 10732 =715
29. 50 5.40 X 10-1° —30.7 39.50 1.05 X 1022 —50.5 49. 50 2.46 X 1077 —61.2 59.50 6.45 X 10-22 -7
20.75 4.13 X 10-1¢ —40.0 39.75 805 X 108 —50.8 49.75 1.88 X 10-7 —61.5 59.75 5.00 X 10-3 —=72.0
60. 00 3.85 X 10-%2 —72.2
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Fravre 1.—Caleulated strain-temperature curves for 7075-T6 atuminum-alloy sheet for temperature rates from 0.1° F
to 100° T per second for various constant compressive stresses under unrestrained conditions.

At the maximums on the strain-temperature
curves, e=0. The stress for this condition, ob-
tained from equation (3) with the substitution of
the exponential for the hyperbolic sine (for ¢>0ay),

a

1S

g
Emaz

=z
4]

o '0
‘l—l()cc ’ST

€maz

Emax (6)
The strain at the maximum, obtained by the sub-
stitution of equation (6) in equation (5) and tak-
ing only the first term in f(z), is

(44 7:;
(Zsmuz+10gg 87’

Emar

aTl

— Ty———Tmas

2
€maz

L
€mar== e
4

T

) +a(T

If the stress is such that e,,;—=0, then

C(( Tema,=0_ TU)

aT

£maz ="

Eq?mlxon (8 gl'x:os the temperature T.,mﬁo_a-t
which €,,,=0. The stress for the case in which
e—e=0 can then be obtained from equation (6)
written as

€y, =0 (YTO
=z, _ptlog, 9
oy €y =0 Be L\.71!"””,:0 ( )

Equation (9) gives the stress for the case in which
e—=e=0 under unrestrained constant-stress condi-
tions,

The yield temperature T, at which 0.2-percent
plastic strain occurs for a constant compressive
siress may be obtained from equation (5) by
setting the third term on the right-hand side equal
to —0.002, which gives

Iy o
AN o,
SR,

log, f(z,)="log. 6.2 (10)

If the constants on the right-hand side of cquation
(10) are known, log, f(z;) may be caleulated.
Values of f(z) may be obtained from table I, and
T, can then be determined.
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Solution for complete restraint. -Compressive
thermal stresses are obtained when the material
is restrained from expanding, and complete
restraint 1s obtained when e=e=0. Thermal
stresses are developed under these latter conditions
in accordance with the differential equation

c o AHN? ATl
(] —_— 28 T —z a’[)—
Jol L2 ginh I———2 (11)
dz Ty rf 4 gy Ty o
gD Yok

which was obtained from cquation (4) for Zj:O
The general solution of equation (11) in analytical
form is not known. A satisfactory solution,
however, may be obtained in any specific case in
numerical or graphical form by employing a step-
by-step calculation. For this purpose, equation
(11) can be reduced to the form

o
JT a5 i
a—— €

[

A= AT (12)

Initially at the beginning of heating, z is large
and the second term in the bracket is negligible
compared with e Tn the carly stages of heating,
Ac=La AT, in agreement with the usual solution
for thermal stresses based upon elasticity alone.
As the value of z decreases with a rise in tem-
perature, eventually the quantity in the bracket
may become equal to zero. When this occurs,
Ac=0, and the thermal stress ceases to build up
further.  As the temperature continues to rise,
Ao becomes negative and the stress decreases
from its maximum value.

The maximum thermal stress o, 1s obtained
by setting the bracketed expression in equation
(12) equal to zero, which gives

Imez 2z, log, o, (13)
5Ty

g max
maz

at. the temperature 7y The right-hand side

maz’
of equation (13) has the same form as equation
(9) for the case in which the material is unre-
strained and the stress is constant. Consequently

if I, =T, =0, the stresses og,, and o
will be the same for both solutions. This result
would then imply that differences in the stress,
strain, and strain-rate history for the two cases
would not be a consideration.

=0

In the application of the phienomenological
relation to the tensile stress-strain tests (rvef. 5),
it was shown that a stress defined in reference 5 as
a limiting tensile stress o4, was obtained for the
case In which the temperature was constant and
the material was loaded at a constant strain ratc
€. This stress can be writ{en as

€

Ttim_ v
- =z+log, i (14)

Equation (14) has the same form as equation (13).
Thus, the maximum thermal stress obtained at a
given temperature and temperature rate is the
same as the limiting stress obtained in a tensile
stress-strain test at that temperature if g—aT.
A temperature rate of 10° I per second, for
example, would correspond approximately to a
strain rate of about 0.008 per minute for an
aluminum alloy.

PREDICTED BEHAVIOR FOR 7075-T6 ALUMINUM-
ALLOY SHEET IN COMPRESSION

PREDICTIONS FOR UNRESTRAINED CONSTANT-STRESS
CONDITIONS

The effect of rapid heating on the bebavior of
7075-T6 aluminum-alloy sheet in compression is
illustrated in figure 1 by the strain-temperature
curves which were caleulated from equation (5).
The results are shown for compressive stresses of
17.2, 40, and 60 ksi and for temperature rates
from 0.1°F to 100°F per second. The material
constants used in the calculations were the same
as those given in relerence 5; A/l was taken as
34,700 cal per mole, o as 4.3 ksi, and s as 3.60>(108
per hour per °K.  Average coefficients of thermal
expansion and values of £ were taken from refer-
ence 4. Thermal strains may also be determined
directly from the thermal expansion curve (from
ref. 4) shown in figure 1. The initial single solid
curve at cach stress level and the dashed line ex-
tension give the sum of the clastic and thermal
strains. The dashed line extensions in the plastic
region are used in determination of yield temper-
atures.

The characteristic feature for constant compres-
sive stress (fig. 1), as distinguished from the cor-
responding  curves for constant tensile stress
{(fig. 10, ref. 4), is the presence of maximums,
The strains occurring al the maximums can be
either positive or negative. These strains and
the temperatures at which they occur increase as
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the temperature rate increases. Yield temper-
atures, defined as the temperature at which 0.2-
percent plastic strain occurs on heating (shown
by the tick marks), increase with the temperature
rate and decrcase with the stress level. Yield
temperatures may also be calculated from equa-
tion (10).

Stresses and temperatures occurring at the
maximums on the strain-temperature curves when
e=¢=0 were calculated for temperature rates
from 0.1° F to 100° F per second for unrestrained
constant-stress conditions from equations (9) and
(8), respectively. These stresses and temper-
atures, which are shown by the dashed lines in
figure 2, increase linearly with the log of the
temperature rate,

PREDICTIONS FOR COMPLETELY RESTRAINED CONDITIONS

Caleulated compressive thermal stresses arising
when the material is completely restrained against
thermal expansion are shown in figure 3 for tem-
perature rates from 0.1° F to 100° F per second.

60— l
Complete restraint
(omax from eg. (12) and fig. 3) -
_ 40— po— NG —
2 T e
EA — =
- _—
@ ~-Unrestrained constant stress
@ _ . from eq.(9
g0 (“emor -0 L R _
(a}
o} 141l I S SR R
600 — | -
_ Unrestrained constant stress
T , from eq.(8))-.
(‘max:o m eq-{ )) _;_————‘
¥ 400 — == e - —
g 1 ==
2 3 *~Complete restraint
§ (7 max: from eq. {12} and fig. 3)
§ 200 —— -
o(b)l IR | A | T I I
0.1 I 10 100

Temperolure rate, “F/sec

(a) Stress.
(b) Temperature.

Ficure 2—Calculated compressive stresses and tem-
peratures for 7075-T6 aluminum-alloy sheet for un-
restrained constant-stress conditions and for complete
restraint when e=e=0.

60— -
!
50 - T i S—
Temperature rate,
°F/sec
100
40— ——F—— -+

From compressive
stress - strain tests ===,

Stress, ksi
o
o
|

o] 100 200 300 400 500 600
Temperature, °F

Ficrre 3.—Calculated compressive thermal stresses
for temperature rates from 0.1° F to 100° F per
second and from conventional compressive stress-
strain eurves for 7075-T6 aluminum-alloy sheetb
under completely restrained conditions.,

These stresses were calculated from equation (12).
The maximum thermal stresses and associated
temperatures inerease appreciably with the tem-
perature rate.  The thermal stress curve for static
completely restrained conditions, obtained from
conventional e¢levated-temperature compressive
stress-strain curves, is also shown in figure 3.
The static thermal stresses, shown by the dashed
line, were obtained by the method outlined in refer-
ence 7, which neglects ereep and other time effects.
Thermal strains were taken from the thermal ex-
pansion curve for various temperatures (fig. 1),
and the corresponding stresses, complete resiraint
being assumed, were read from the corresponding
compressive stress-strain curves for J-hour ex-
posure obtained at a strain rate of 0.002 per
minute, as given in reference 8 for this material.
The maximum compressive thermal stress under
static conditions, obtained by this engineering
method, Is a little less than the predicted thermal
stress when the material is heated at 1° F per
second.
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The maximum thermal stresses and the tem-
peratures at which they occur are also shown by
the solid lines in figure 2 for temperature rates
from 0.1° F to 100° F per sccond. These stresses
and temperatures increase linearly with the log
of the temperature rate. The maximum thermal
stresses and associated temperatures for completely
restrained conditions are in close agreement with
the stresses and temperatures for unrestrained
constant-siress condition when e=e=0. For the
cases considered, differences in loading and strain-
ing history apparently have little effeet on the
stresses and temperatures,

On the basis of this analysis, it appears that
maximum thermal stresses for completely re-
strained conditions may be estimated from stresses
obtained for unrestrained constant-stress condi-
tions when e=e=0. This result suggests that
maximum thermal stresses may be predicted from
constant-stress, rapid-heating tensile data which
are now available for some materials. The acecu-
racy of such predictions will depend upon the
validity of the assumption that clastic and vis-
cous strains in tension can be substituted for those
in compression, which involves the same assump-
tion made in applying the basic phenomenological
relation for teusion to compression. If the tensile
data are processed so that compressive strain-
temperature curves are obtained (such as in fig,
1), the stresses and temperatures at which e=eé=0
may be determined by graphical methods.

CONCLUDING REMARKS
The effeets of rapid heating on the behavior of

a metal under compression may be shown by the
phenomenological relation and solutions presented
for the cases in which the material is unrestrained
and is carrying a constant stress and in which the
material is complelely restrained and thermal
stresses develop.

The behavior of a metal in compression under
rapid-heating conditions is essentially different
from that of a metal in tension, The distinguish-
ing feature in compression is the prescnce of
maximums in strain or in stress. Maximums in
strain occur when the material is unrestrained
under constant-stress conditions, and maximums
in stress occur when the material is restrained.

Predictions for 7075-T6 aluminum alloy show
that the maximum thermal stresses and the
temperatures at which they oeccur increase ap-
preciably with temperature rates from 0.1° F
to 100° ¥ per second. Stresses and temperatures
obtained for unrestrained constant-stress condi-
tions, when the strain and strain rate are zero,
are cssentially the same as the maximum thermal
stresses obtained at the same temperature rate.
Differences in the siress and strain history for
these two cases have no effect on the results for
this material. The possibility of predicting
maximum thermal stresses from available tensile
data obtained under constant-stress, rapid-heating
conditions is indicated.

LaNncLEY REsEARCH CENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
Laxcrey Frewp, Va., August 3, 1959.
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